Mapping electromagnetic fields structure in plasma using a spin polarized electron beam by An, X. Y. et al.
Mapping electromagnetic fields structure in plasma using a spin polarized
electron beam
X.Y. An,1, 2, 3 M. Chen,1, 3, a) J.X. Li,4 S.M. Weng,1, 3 F. He,1, 3 Z.M. Sheng,1, 3, 5, 6, b) and J. Zhang1, 3
1)Key Laboratory for Laser Plasmas (MoE) and School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai,
200240, China
2)Zhi Yuan College, Shanghai Jiao Tong University, Shanghai 200240, China
3)Collaborative Innovation Center of IFSA (CICIFSA), Shanghai Jiao Tong University, Shanghai 200240,
China
4)Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed Matter (MOE), School of Science,
Xi’an Jiao Tong University, Xi’an 710049, China
5)SUPA, Department of Physics, University of Strathclyde, Glasgow G4 0NG, UK
6)Cockcroft Institute, Sci-Tech Daresbury, Warrington, WA4 4AD, UK
(Dated: 27 March 2020)
We propose a scheme to mapping electromagnetic fields structure in plasma by using a spin polarized relativistic
electron beam. Especially by using Particle-in-Cell (PIC) and electron spin tracing simulations, we have successfully
reconstructed a plasma wakefield from the spin evolution of a transmitted electron beam. Electron trajectories of the
probe beam are obtained from PIC simulations, and the spin evolutions during the beam propagating through the fields
are calculated by a spin tracing code. The reconstructed fields illustrate the main characters of the original fields, which
demonstrates the feasibility of fields detection by use of spin polarized relativistic electron beams.
I. INTRODUCTION
Nowadays, spin polarized electron beams with relativistic
energy can be produced in several ways. In typical ways, elec-
trons can be polarized via a spin filter? or a beam splitter? and
in a storage ring electrons can be polarized through radiative
polarization (Sokolov-Ternov effect)? . Alternatively, one can
obtain polarized electrons from pre-polarized gas? or photo-
cathode? and then accelerate them. It is also found that a po-
larized electron beam can be produced from nonlinear Comp-
ton scattering with an elliptically polarized laser? . Along with
the rapid development of ultrashort ultraintense laser technol-
ogy and laser plasma wakefield acceleration scheme, tabletop
compact spin polarized electron accelerators may be reality in
the near future? ? .
Spin polarized electron beams with relativistic energy have
now found wide applications. They can be used to study
molecular and atomic structure? . Besides, polarized electron
beams can also be employed to study high energy physic-
s, such as probing nuclear structures? ? , observing pari-
ty nonconservation? and generating polarized photons? and
positrons? ? . Furthermore, new physics beyond Standard
Model may be discovered via polarized electron beams? . In
this paper, we propose to use such kind of beam as a probe
beam to diagnose plasma fields which are important in laser
plasma studies such as inertial confinement fusion concept
and plasma wakefield accelerator? ? , but are also extremely
difficult to be detected. To demonstrate its feasibility, in the
current study we take plasma wakefields as the detected fields.
Plasma wakefield accelerators have been considered as nex-
t generation high energy accelerator? ? ? ? . GeV electron
beams have been successfully accelerated within centimeter
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acceleration length from laser driven wakefields? ? ? and tens
of GeV electron beams have been accelerated within meter s-
cale acceleration length from beam driven wakefields? . In or-
der to get electron beam with high quality, it is important that
the fast moving wakefields can be measured. Different detec-
tion approaches have been developed, such as frequency do-
main holography? ? ? , frequency-domain tomography? ? or
direct detection by a few-cycle probe pulse? . Relativistic
electron beam can also be used to detect the wakefields and
other fields induced in plasma through the variation of the
electron beam density distribution after transmission through
the wake? ? .
In this paper, we extend the previous electron beam detec-
tion methods by using a spin polarized electron beam. As we
will see the field information will not only be projected into
the density profile of the probe beam, but also imprint on its
spin evolution. The latter can be used to reconstruct the fields.
II. PHYSICAL MODEL OF SPIN EVOLUTION AND
SIMULATION SETUP
A. Physical model of spin dynamics
We start by showing the physical models of spin evolution
in electromagnetic fields. Usually the spin can change in two
different ways. One is called the Sokolov-Ternov effect? . In
this way, the energy differs according to whether the spin of
the electron is parallel or antiparallel to an external magnetic
field. The energy of the state in which the spin is antiparallel
to the magnetic field is lower. Thus the electron may radiate
a photon and transform the state from parallel to antiparallel.
By such way it takes several minutes or longer to build up po-
larization in the storage ring? . Therefore, in our femtosecond
time scale case, Sokolov-Ternov effect can be neglected.
Besides Sokolov-Ternov effect, the spin can also precess in
2an electromagnetic field. In a non-relativistic case, it precess-
es in a quite simple form:
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= B = gsB
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where m is electron intrinsic magnetic moment and the Landé
g-factor of an electron g  2:00232 as the quantum invari-
ant parameter c  jejh¯p(Fmn pn)2=m3c4 1? ? ? . Fmn is the
field tensor, h¯ the reduced Planck constant, c the speed of the
light, p = (e=c;p) the incoming electron 4-momentum, and
 e and m are the electron charge and mass, respectively.
However, in a relativistic case, the precession is more com-
plicated and follows the so called Thomas-Bargmann-Michel-
Telegdi (TBMT) equation? ? ? ? :
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where ae = (g 2)=2= 1:1610 3 and g;v are the Lorentz
factor and velocity of the electron, respectively. Note that s-
ince the external fields are rather low, i.e., c 1, the radiative
spin effects are negligible? ? .
In later discussion, the spin evolution of the probe beam
will mainly precess as the TBMT equation describes. No-
tice that TBMT equation describes how the spin of a single
electron precesses while in PIC simulation one macro-particle
contains about 1010 electrons. Each electron in one macro-
particle satisfies its own TBMT equation:
dsi
dt
=
(vi;Ei;Bi)si (5)
where vi, Ei, Bi, si and 
(vi;Ei;Bi) are the velocity, elec-
tric field, magnetic field, spin and precession angular velocity
of each electron in the macro-particle, respectively.
In PIC simulation, we assume all the electrons in the same
macro-particle feel the same electromagnetic fields and make
the same precession. Therefore, the equations of Eq. (5) can
be combined as:
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=
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This means that TBMT equation can also describe the spin
precession of the macro-particle which represents the spin
precession of the electrons in the macro-particle as well.
One the other hand, there is still a problem when we sepa-
rate the movement and spin precession in different programs.
We get the particle motion from the PIC simulation without
considering the spin effect and calculate the spin precession
from the spin evolution code with the fields tracing from the
PIC simulation. Since the electrons are moving in an uneven
magnetic field, they will feel not only the Lorentz force:
FL = e(E+vB) (7)
but also the Stern-Gerlach force:
FS G = Ñ( B) (8)
In this way, the spin of the electrons will affect the force they
feel and thus change the motion and trajectory. However, in
the relativistic case, the Stern-Gerlach force is negligible com-
pared with the Lorentz force? ? . Also we checked the validity
of this approximation in our simulations, the results are shown
in Fig. 1.
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FIG. 1. The Lorentz force (a) and the Stern-Gerlach force (b) felt by
the electrons in the probe beam. It shows that the Lorentz force is
about 10 3 and the Stern-Gerlach force is about 10 5. The detailed
simulation parameters are introduced in the next section. Compared
with the Lorentz force, the Stern-Gerlach force is negligible.
B. Numerical model of spin dynamics
After introducing the physical model, we test our scheme
through computational simulations. A relativistic electron
beam is firstly used to drive a wakefield in underdense plas-
ma. At the same time, a spin polarized relativistic electron
probe beam with a cross section larger than the wakefield pe-
riod is transversely incident to the wakefield from the outside
of the plasma, as Fig. 2 shows. After the probe beam transmit-
s through the wakefield, the distribution of the electron spins
will be modulated and such modulation is used to reconstruct
the wakefield.
The wake excitation and probe beam transmission process-
es are simulated by three dimensional PIC simulation with
the code OSIRIS? . The simulation box is [0,1000mm]
[ 400mm;400mm] [0;278mm] and it is divided in grids as
1000 800 300 in the longitudinal and two transverse di-
rections, respectively. The plasma has a uniform density pro-
file np = 1:1 1017 cm 3 in the region for z > 80mm and
y > 0. An electron beam with energy of 1GeV is used to
drive the wakefield along the z direction which will be detect-
ed by the probe electron beam. The driver beam has Gaus-
sian density profiles both along the longitudinal and trans-
verse directions with its peak density nb = 0:05np. The waist
3FIG. 2. Schematic of the wakefield detection with a polarized elec-
tron beam probe and the numerical simulation configuration, where
the probe is a slab beam propagating along the y-direction.
of the beam is sz = 20mm;sr = 17:8mm. Such a driver
beam can excite a linear wake. The probe beam is assumed
to be a slab distributed in the area of z 2 [80mm;400mm],
y 2 [ 398mm; 400mm] and all the x direction. The energy
of the probe beam is 200MeV and there is no energy spread
and emittance. The probe beam is initially completely polar-
ized along y direction. In the simulation study, the spatial and
temporal units are normalized according to a laser wavelength
of l = 0:8mm and period of T = 2:67 fs, respectively.
In the PIC simulations here, there is not yet a module added
to consider the spin evolution. According to the above discus-
sions, we can use the trajectory and fields data of each electron
from PIC simulation and then calculate its spin evolution by
a separate spin precession code. We have developed a paral-
lel program to compute spin evolution for each electron in the
probe beam along its trajectory by using the fields information
traced from the PIC simulations. After the whole probe beam
traveling through the wakefields, the spin distribution of the
beam is calculated and a typical result is shown in Fig. 3. As
one can see that a wakefield like distribution appears.
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FIG. 3. (a) The distribution of sz in the plane x-z after the probe
beam transmits through the wakefields. (b) The distribution of sx in
the plane x-z after the probe beam transmits through the wakefields.
Here the wake is propagating along the z direction.
III. WAKEFIELD RECONSTRUCTION
A. Reconstruction of field structures in the longitudinal
direction
Before reconstructing the wakefield from the probe beam’s
spin evolution, we firstly study the case of a single electron.
Fig. 4 shows the temporal evolution of the single electron’s
spin precession. We have randomly selected one percent of
the whole electrons to show their spin evolution.
FIG. 4. The temporal evolutions of sz (a) and sx (b). Each color
represents different electron.
The probe beam touches the wakefield at about t = 700T
and so it is reasonable to see that some of the electrons change
their spin directions at that time. There are also some of elec-
trons changing their spins at about t = 500T . It is because
that at this time the probe beam begins to enter into the plas-
ma. The wakefield driven by the probe beam itself also in-
duces the spin precession. Besides these two kinds of elec-
trons, there are still some electrons whose spins vary almost
linearly. This is because they are at the boundary of the probe
beam and they interact with the self-generated electromagnet-
ic fields by the probe beam. We have confirmed this boundary
effects through a probe-beam-free-propagation (PBFP) simu-
lation as shown in Fig. 5. In this simulation, there is no driver
beam exciting the plasma wake, while all the other plasma and
probe beam parameters are as the same as before. In Fig.5, we
can see the spins of all the electrons evolve linearly. The more
outer electrons, the more spin precession, which is consistent
with the boundary effects.
FIG. 5. The sz (a) and sx (b) evolutions of the probe beam in the
PBFP simulation. All the electrons spin evolution in this case show
linear character.
Now we study the wakefield reconstruction from the trans-
mitted spin distribution, i.e. getting the field intensity quan-
titatively from the spin distribution. For this, we firstly com-
pared the contribution of the electric and magnetic fields on
4the spin precession. According to the data from the PIC sim-
ulation, one can roughly estimate their relative contribution
as:
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As one can see the spin precession is mainly induced by the
electric fields. However since the directions of electric and
magnetic fields are both changing when the probe beam trav-
els through the wakefield, a careful judgement is still need-
ed. For this, we use our spin precession program and the data
from PIC simulations to calculate the spin precession in two
different cases. In the first case we set the magnetic fields
felt by the electrons to be zero. The spin distribution of the
transmitted probe is shown in Fig. 6(a,b). One can still see
the wake-like image. However if we set the electric fields
to be zero and use magnetic fields only, the wake-like image
disappears as shown in Fig. 6(c,d). Therefore, we can make
sure that the electric fields dominate the spin precession and
it is reasonable to neglect the contribution from the magnetic
fields in the following fields reconstruction. Certainly it also
means that we can only get the electric fields information in
the current probe case.
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FIG. 6. (a) The sz distribution when the magnetic fields are set to be
zero. (b) The sx distribution when the magnetic fields are set to be
zero. (c) The sz distribution when the electric fields are set to be zero.
(d) The sx distribution when the electric fields are set to be zero.
Since the probe is relativistic and the wake size is limited,
the time for transmission through the wake field is too short
to gain enough transverse kicking? . We then assume that the
velocity of the probe beam does not change by the wakefields
while it travels through the wake. After substituting the ve-
locity of the probe beam to the TBMT equation and normalize
the equation to remove the constant coefficients, one can ob-
tain the total angular velocity of spin precession and the spin
evolution as:

=
T +
a =
ev
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 Ez
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ds
dt
= [Wysz Wzsy;Wzsx Wxsz;Wxsy Wysx] (11)
Moreover, since the spin evolution satisfies sy  1;sx;z  0
during the whole precession, one can simplify the spin evolu-
tion as:
dsx
dt
 Wz (12)
dsz
dt
Wx (13)
By integrating Eq. (13) one can obtain:
Dsz =
Z
Wx dt =  evmc2

ae+
1
g+1
Z
Ez dt (14)
However, in Eq. (14) one should integrate a moving elec-
tric field since the wake is moving at the speed of light when
the probe beam travels through it. To discuss the difference
between a moving and a static wakefield, we take the linear
wakefield as an example. The linear wake usually has the fol-
lowing profile:
Ez  e
  x2+y2
2s2p coskp (z  vpt+f0) (15)
where vp is the phase velocity of the wakefield and f0 is the
initial phase. For the field detection, f0 actually is different
for each probe electrons since they touch the field at differ-
ent time. However, in our case, the thickness of the probe
beam (d = 2mm ) is thin enough compared with the wake pe-
riod length (lw  100mm), so f0 can be regarded as 0 for all
the probe electrons. Since the probe beam and wake are both
moving with a speed close to the light speed c, v and vp can be
both regarded as 1 after normalization. In addition, the probe
beam travels long enough, so we can take the upper and low-
er limit of the integration to be infinity. In this way one can
easily get the effective part of the integration in a static field
case(vp = 0) by using dt = dy=v dy=c as:
Is =
Z +¥
 ¥
e
  y2
2s2p coskpzdy=
p
2psp coskpz (16)
For the moving wake(vp = 1), one can get the effective part
of the integration as:
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5This can be further simplified as:
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By comparing this with the static field result, one can know
that they just differ by a factor of exp( k2ps2p=2):
Im = e 
k2ps2p
2 Is (19)
Therefore, one can obtain the electric fields in the wakefield
from the variation of spins as:
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where Dt is the time for the probe beam to transmit through the
wake. The comparison between the electric fields reconstruct-
ed from the spin evolution and the PIC simulation are shown
in Fig. 7. As we can see the reconstruction fields reproduce
the main characters of the original fields.
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FIG. 7. (a) The longitudinal wakefield Ez reconstructed from spin
evolution. (b) The Ez field calculated in PIC simulation. (c) The
transverse wakefield Ex reconstructed from spin evolution. (d) The
Ex field calcualted in PIC simulation.
It deserves to point out that although in our current study we
have used a layered probe beam with thickness of d = 2mm,
which is usually difficult to get. For a thicker probe beam, it
can be regarded as a series of thin layers. Then the final image
and reconstructed field are also superpositions of the results of
these thin probe beams. Considering the influence of f0, to get
distinguishable results, one can see that the thickness of the
beam should satisfy d < lw. In further, in our study to speed
up the simulation, we have just simulated about 20% of the
macro-particles from the PIC simulation. This can be viewed
as a sample from the probe beam along transverse section.
The more probe particles used, the smoother the reconstructed
fields will be.
B. Reconstruction of field structures in the transverse
directions
Besides the reconstruction of the field structures in the lon-
gitudinal direction, the transverse structures can also be de-
tected by using a counter propagating probe beam. As shown
in Fig. 8, the driver beam and background plasma are the same
as the previous case, but the probe beam is incident to the plas-
ma in the opposite direction. The energy of the electrons of
the probe beam is still 200MeV and polarized along the mov-
ing direction  z.
FIG. 8. The spin polarization diagnostic scheme in antiparallel di-
rection.
As before the spin distribution after the probe beam trans-
mitting through the wakefields has been recorded as shown in
Fig. 9. Through similar assumption and analysis we can get
the relationship between the electric field in the wakefields
and the spin evolution, as described by Eq. (22) .
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FIG. 9. (a)The distribution of sx in the x-y plane after the probe beam
transmits through the wakefields. (b)The distribution of sy in the x-y
plane after the probe beam transmits through the wakefields.
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The comparison between the reconstructed electric fields from
spin evolution and the PIC simulation fields are shown in
Fig. 10. As one can see the main characters of the transverse
fields have been reconstructured.
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FIG. 10. (a)The transverse wakefield Ex reconstructed from spin evo-
lution. (b)The Ex field calculated in PIC simulation (c)The transverse
wakefield Ey reconstructed from spin evolution. (d) The Ey field cal-
culated in PIC simulation.
IV. EFFECTS OF THE PROBE BEAM’S ENERGY
Although in principle the plasma fields can be reconstruct-
ed from spin evolution, the resolution of the spin evolution i.e.
the sensitivity of the spin detector, is obviously a critical fac-
tor to determine the usefulness of such scheme. Nowadays,
there are several ways to measure the spin polarization. One
is so called Mott polarimetry and in this way one obtains the
polarization of an electron beam through transverse scatter-
ing by targets made of high Z atoms? . One can also use an
optical polarimetry scheme where polarized electrons excite
atomic target to high order states and then radiate circularly
polarized fluorescence? . By using these methods, the varia-
tion of the beam spin polarization? ? ? ? in the level of. 10 2
can be measured. However in our scheme the spin variation is
in the 10 4 level, a higher resolution spin detector should be
used.
To overcome this, we have studied the effects of the probe
beam energy and found that a probe beam with lower ener-
gy can be used to reduce the requirement on the sensitivity
of the spin detector. This is because the precession frequency

T increases as the energy of the probe beam decreases. The
variation of the spin is much larger for a low energy probe
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FIG. 11. The distribution of sz (a) and sx (b) when a probe beam with
electron energy of 2.6MeV is used. The distribution of sz (c) and sx
(d) when a probe beam with electron energy of 26MeV is used.
beam. We checked this by using probe beams with electron
energy of 2.6MeV and 26MeV (the relativistic momentums
after normalization are 5 and 50 respectively). The spin dis-
tributions after probe beam transmission are shown in Fig. 11.
As one can see for the 2.6MeV case, the spin variation is in
the level of 1% which is detectable by today’s spin detector.
However, we should say for intense fields case, the movemen-
t of the probe in the fields maybe too large, the low energy
electron beam will be deviated during the transmission. Only
high energy probe beam can carry the spin information along
the detected fields, then due to the smaller variation of the
spin, a spin detector with higher sensitivity is still needed.
V. DISCUSSION AND SUMMARY
Besides the high requirement of the detector’s sensitivity on
spin evolution, the spatial resolution of the spin distribution is
also critical. Currently we have reconstructed the fields direct-
ly from the image of the spatial distribution of the transmitted
electron beam. In practice, this image may be amplified by
normal electron beam optical devices. The enlarged electron
beam can then be detected by arrays of spin detectors. The
spatial spin revolution is determined by the beam optics and
the spin evolution sensitivity is determined by a single spin
detector. Certainly the spin evolution along the transported
beam line should be took into account during the field recon-
struction. Detailed beam optics design is outside the scope of
our current study.
At last we compare such spin polarized electron beam probe
(SPEBP) scheme with the normal charged particle beam probe
(CPBP) scheme. As one may think, for many field structures,
by using only density modulation of a transmitted charged
beam may not be enough to reconstruct the fields. In the nor-
mally charged particle detection scheme, the electric field in
the wakefield modulates the momentum when the probe beam
transmits through it and the momentum modulation changes
7into density modulation after the probe beam drifts a distance.
However, along the probe beam’s propagation direction, s-
ince the initial momentum of the electron is far larger than
the modulation, one can hardly obtain such density modula-
tion along this direction, so the electric field in this direction
cannot be detected. However, as we have derived before, the
electric field in each direction just corresponds to the spin dis-
tribution in each direction. Therefore we are able to get all the
electric fields through spin distribution.
In the simulation and discussion above we implement a
probe beam with no energy spread or emmitance. It is ab-
solutely a too ideal condition. However, according to the fol-
lowing discussion, the SPEBP scheme is still valid for a re-
al beam. As shown above, in a large range the energy of
the probe beam just affects the variation of the spin, which
means that the energy spread will result in a spin spread. The
spin spread will lower the resolution. Since the variation of
spin is linear to the energy, as long as the energy spread is no
more than 20%, the spin spread is also no more than 20% and
the resolution of the result will be acceptable. As for emit-
tance, the transverse displacement caused by divergence an-
gle should be less than the scale of wakefield. Thus we obtain
a limit about the divergence angle. Considering the rotation
symmetry of the wakefield, it need to satisfy: w  tanq  w,
which means q  p=4. In our scheme ,the scale of the probe
beam is about 1mm. Therefore, the acceptable emittance for
our scheme is about 1mmmrad.
In a summary, we have proposed a new scheme to probe
a plasma wakefield by a spin polarized electron beam and
demonstrated it through numerical simulations. For some spe-
cial cases, this method maybe used to differentiate the elec-
tric and magnetic fields. The scheme may also be extended
to a Spin Polarized Electron Beam Computed Tomography
(SPEB-CT) by using probe beams with different spin polar-
izations along different injection directions to mapping fields
with even complex structures where the normal CPBP is not
possible.
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